Different characterization techniques were employed for understanding anticorrosion prospect of Irvingia gabonensis leaf-extract on steel-reinforcement. FTIR spectroscopy showed that this leaf-extract is constituted of N-, S-, O-, Hg-containing heteroatoms having π-electron ligands that usually exhibit affinity for steel-rebar Fe constituent. AAS indicates Irvingia gabonensis leaf inorganic composition includes Ni, Cu, Cd, Fe, but neither Pb nor Cr, and with the low/non-toxic heavy metal levels supporting the natural-plant's eco-friendliness. Phytochemical-screening showed that the leaf-extract is rich in glycosides (known for steel corrosion-protection in NaCl) and in saponnins, with traces of flavonoids, stenoids and terpenoids. Anticorrosion prospect investigation, via the leaf-extract admixture in 3.5% NaCl-immersed steel-reinforced concretes, showed that corrosion-inhibition performance increased with increasing leaf-extract concentrations. By statistical modeling of the electrochemical/corrosion test-data, the lower Irvingia gabonensis leaf-extract concentrations aggravated corrosion, indicating insufficient admixture usage, while the higher concentrations exhibited η > 80% corrosioninhibition efficiencies, suggesting sufficient bio-constituent combinations for corrosion-mitigation.
Introduction
Steel-reinforced concrete is a versatile construction material of choice globally for application that could range from building small post through parking garages, tall buildings, vast bridges, harbour structures, onto offshore oil and gas installations [1] [2] [3] [4] [5] . However, aggressive agents from the service environment of application ingress through the concrete to the steel-reinforcement (steel-rebar), break the thin passive oxide layer protecting the surface of the metallic material, and render the rebar susceptible to corrosion attack/degradation [3, [5] [6] [7] . Among the well-known aggressive agents, chloride ions in seawater from natural marine environment in the coastal region or in artificial saline environment encountered via use of de-icing salts in temperate region constitute a major steel-rebar corrosion inducing agent [6] [7] [8] [9] [10] . Annually, costs incurred due to steel-reinforcement corrosion in chloride-contaminated environment range into the billion of dollars in developed and developing countries of the world [1, [11] [12] . The dire need to mitigate these costs and to prevent unprecedented/catastrophic accident from corrosion deteriorated steel-reinforced concrete structure, which could lead to loss of life and damage of property, has generated search for effective corrosion deterring approaches. A low cost approach and that is easily applicable, with attendant corrosion mitigation effectiveness on steelreinforcement in concrete, includes the use of corrosion inhibitors as admixture in the steel-reinforced concrete [13] [14] [15] . The problem from this approach, however, has been the recognition that inorganic chemicals, such as compounds of chromates and nitrites that have been known to effectively inhibit corrosion [16] [17] [18] are toxic and hazardous to the environmental ecosystem [1, 9, 15, 19] . The use of inhibitor substances from these inorganic compounds are being restricted in many countries due to their detrimental effects to different living organs [20] [21] [22] . For this reason, shift towards the use of environmentally-friendly alternatives is attracting preference among researchers and construction stakeholders. Many of such environmentally-friendly additives to concrete for protecting the steel-reinforcement embedment corrosion are organic compounds, and which are naturally available in biocompatible (and, therefore, environmentally-benign) forms in plant bio-resources [20] [21] 23] . However, the material and/or environmental specificity of substances for corrosion inhibition requires that adequate testing for the inhibiting substance of interest be carried out for understanding prospects and effectiveness of the proposed inhibitor materials. Irvingia gabonensis (I. gabonensis) Irvingiaceae, African (wild/bush) mango, is a perennial plant, habitat in the humid forest zone of West/Central Africa [24] [25] . Apart from the edible fruit having seed that is also used in human dishes preparations, extracts from different parts of I. gabonensis have been employed for different medicinal purposes with specific findings from research works on their beneficial effects on animal species [26] [27] . For specific instances, I. gabonensis seed-extract improved reduction in human waist/hip circumferences, systolic blood pressure, plasma cholesterol and glucose [27] just as I. gabonensis leaf-extract improved urine (body excess water) excretion in experimental rat [26] . In none of these studies was there any hint on the toxicity of the extracts from this natural plant on the living organs of the tested biological species, rather the report in [26] expatiated benefit of enhanced diuretic effects due to the phyto-constituents of the leaf-extract. However, despite these biocompatibility properties of this natural plant, there is dearth of study in which extract from its parts have been employed for investigating corrosion inhibition of metallic materials in corrosive media. While special motivation for this study followed from the successful usage in [28] of I. gabonensis leafextract for inhibiting the corrosion of aluminium in acidic chloride medium, no study have been done on the effect of this extract on concrete steel-reinforcement corrosion. None have also deliberated on the understanding of the corrosion-protection prospect of extract from I. gabonensis leaf via the characterization of its biochemical constituents. But a positive corrosion inhibition prospect of such biocompatible plant extract would constitute an eco-friendly alternative to the toxic and hazardous, though highly effective, inorganic corrosion inhibitors. It is due to these considerations that this paper seeks the understanding of the eco-friendly anticorrosion prospect on steel-reinforcement in NaCl-immersed concrete that could be obtained from the biochemical characterization of the leaf from I. gabonensis.
Experimental
Fresh leaves of Irvingia gabonensis (I. gabonensis) used for the study was collected from its forest habitat at Odugbe, Atan-Ota, Ogun State, Nigeria. For these leaves, the methods of identification at the Forestry Herbarium Ibadan (FHI), Nigeria, with voucher FHI No. 109692 for deposited sample, drying under aerated room cover at 20 °C, were as detailed in reported studies [12, 20, 23] . I. gabonensis leaf-extract solution was obtained using procedure from [29] [30] [31] , which include blending the dried leaves to powder, wrapping the powdered leaves in Whatman filter paper and usage of methanol in a condenser-equiped soxhlet extractor for the extract dissolution. The dissolved extract concentration then followed on a water bath [30, 32] , for obtaining the pasty form of the extract that was employed for the present study. Organic bio-constituent investigations employed the use of FTIR characterization and the phytochemical screening methods. For the FTIR characterization, I. gabonensis leaf-extract was smeared between paired mounting discs that were mounted onto a Spectrum BX FT-IR instrument obtained from Perkin-Elmer FT-IR System (Waltman, Massachusetts, USA) [1, 30] . The FTIR spectra obtained was then subjected to the Euclidean Search software of Fluka library by the Perkin-Elmer® instrument employed [1, 12, 20, 23] . Phytochemical screening for the characterization of organic bio-constituent in I. gabonensis leaf-extract followed the procedures prescribed in [23, 33] , which include adding of 2 g I. gabonensis to 20 ml distilled water for the detailed procedural testing of tannins phlobatannins saponins glycosides flavonoids stenoids terpenoids and alkaloids [20, 34] . Inorganic constituent investigation, from the I. gabonensis leaf, employed the use of Hollow Cathode Lamps equipped Model S Series, Atomic Absorption Spectrometer (AAS) from Thermo Electron Corporation® characterization, using methods detailed in [2, 12, 23] . These including ashing some of the dried I. gabonensis leaves, which gave the ashed content of 8.7913% for this plant bio-resource, for the detailed procedural testing of inorganic composition in the I. gabonensis leaves. Anticorrosion prospect investigation employed the use of different concentrations of the I. gabonensis leafextract admixtures in physically cast steel-reinforced concrete specimen, which were then immersed in 3.5% NaCl medium, for simulating marine/saline environment. From these test-setups, electrochemical monitoring of corrosion rate measurements, by linear polarization resistance instrumentation, was employed. By this, the corrosion rate of the steel-reinforcement was obtained in seven days interval for 70 days, in each of the experimental concrete samples. These steel-reinforced concrete samples have concentrations, with respect to concrete mixing water, of I. gabonensis leaf-extract admixture ranging from 0.00 g/L (control) in increments of 1.67 g/L up to 8.33 g/L. As per ASTM G16-95 R04 [35] , corrosion rate dataset from each sample was subjected to the statistical analyses of the Weibull probability distribution function (pdf) [36] [37] [38] , and test of dataset compatibility to the pdf by the Kolmogorov-Smirnov goodness-of-fit statistics [36, [39] [40] . Based on these, the Weibull mean, μ, of corrosion rate from these statistical analyses thus finds usefulness for inhibition efficiency, η, estimation using the relationship [30, [36] [37] : 
Results and Discussion
The FTIR spectra by the organic constituents in I. gabonensis leaf-extract are presented in Figure 1 . From the FTIR spectra in this figure, the absorption at 3771.87 cm -1 is representative of O-H (hydroxyl group) stretching vibration, which going by the very high frequency indicates phenol antioxidant class of compounds characteristically found in food [12, 20, 41] By the subjection of the FTIR spectra from I. gabonensis leaf-extract, in Figure 1 , to the Euclidean Search of the Fluka library facility, from the Perkin-Elmer® instrument, the obtained hit-list suggesting biochemical compounds that could be constituted in the I. gabonensis natural plant are presented in Figure 2 . These presentations, which include 6 N-, 2 S-, 5 O-, one Cl-and one Hg-containing aromatic heteroatoms, are detailed in the 3-D optimised structure for each of the compounds. Especially notable from the presented compounds in Figure 2 is the fact that while the first six compounds have been indicated among compounds by the Euclidean search hit-list from extracts of other plants in reported studies [12, 20, 23] , the last four compounds in the figure are specifically found in I. gabonensis leaf-extract. Also worth noting from the four chemical compounds that are specifically indicated for I. gabonensis leaf-extract are the fact that three of the compounds, i.e. the last three compounds in Figure 2 , are ligands that are derivative of aniline. By these, the consideration that experimental works in the literature [18, [42] [43] [44] [45] [46] [47] have identified aniline with very good anticorrosion performance on different metals in corrosive environments engender keen interest on the prospect of using this apparent natural source of aniline derivative for corrosion inhibition study. Table 1 . This table suggests the well noted presence of saponins and glycosides but traces of flavonoids, steroids and terpenoids while tannis, phlobatannins and alkaloids are absent fro the I. gabonensis leaf-extract tested. The results of the AAS characterization of I. gabonensis leaf for inorganic constituents are presented in Table 2 . This showed that the tested plant exhibited its highest inorganic constituent as Cu, which the plant requires for oxidation and photosynthesis (for which Manganese is also useful [48] ) as well as for protein/carbohydrate/cellwall metabolism and nitrogen fixations [49] . The tested I. gabonensis leaf does not contain Pb and Cr, according to the AAS characterization, which might have attest to the non-toxicity of the plant material and for which it has been suitable for its use for medicinal purposes in studies [24] [25] [26] [27] [28] . Figure 3 . This shows, in Figure 3 (a), the Weibull mean of corrosion rate plots superimposed on the corrosion inhibition efficiency by each of the I. gabonensis leaf-extract admixture concentrations employed for the study. In Figure  3 (b), the Kolmogorov-Smirnov goodness-of-fit test-results from the compatibility testing of the measured datasets of corrosion rate to the Weibull distribution are presented. The results in Figure 3 showed that the corrosion rate increases compared to the control sample at low concentration of I. gabonensis leaf-extract, which indicates aggravation of steel-reinforcement corrosion at insufficient concentration of the admixture. However, with further increase of the I. gabonensis leaf-extract admixture concentration, the corrosion rate decreases and corrosion inhibition efficiency, η, increases up to the value of 81.47% at 8.33 g/L I. gabonensis leaf-extract admixture. Even with 6.67 I. gabonensis leaf-extract admixture concentration, the inhibition efficiency was greater than 80% at its value of η = 80.22%. The results in this study engender understanding that the anticorrosion prospects encountered from the usage of I. gabonensis leaf-extract admixture necessarily follows from its being constituted of heteroatomic ligands that are rich in lone pairs/π electrons and phytochemical constituents. For instance, phytochemical bio-resources in I. gabonensis leaf-extract include glycoside, which was shown as a good inhibitor of carbon steel corrosion in 3.5% NaCl medium in [15] . Also, Euclidean search hit list from the FTIR characterization identify ligands that are derivative of aniline compounds, which have been used in its synthetic chemical form by several authors for inhibiting metallic corrosion [42] [43] [44] [45] [46] [47] , and these include studies on steel-reinforcement in concrete [44] [45] [46] . Therefore, at the low concentration of the I. gabonensis leaf-extract admixture, the bio-constituent combinations appear to be insufficient and this leads to corrosion aggravation. However, the higher I. gabonensis leaf-extract admixture concentrations apparently culminated in sufficient bio-constituent combinations for attaining positive corrosion inhibition effect by the leaf-extract on steel-reinforcement in concrete immersed in 3.5% NaCl medium. That the characterisation of inorganic constituents also corroborated the non-toxic, and therefore eco-friendliness of the I. gabonensis leaf bio-resource leads to the conclusion in this study that this natural plant will constitute a good, green and eco-friendly anticorrosion admixture for steel-reinforcement in concrete designed for the marine or saline service-environment.
Conclusion
In this study, characterization techniques of FTIR, phytochemical screening analyses and AAS were employed for gaining insight into the anticorrosion effects of I. gabonensis leaf-extract on steel-reinforcement embedment in concrete immersed in 3.5% NaCl medium, for simulating saline/marine environment. Findings from the study showed that the good anticorrosion performance exhibited by the I. gabonensis leaf-extract follows from its bioconstituents of N-, S-and O-containing heteroatoms and more especially, up to three ligands of aniline derivative, a chemical that had been employed in its synthetic chemical form for inhibiting metallic (including steel-reinforcement) corrosion. Findings in the study also corroborates non-toxicity of the I. gabonensis bioresource, thus supporting its suitability for green and eco-friendly anticorrosion admixture for steelreinforcement in concrete designed for the marine or saline service-environment.
